Carbon is represented in modern nanomaterials by a large variety of modifications. Various methods and technologies have been developed to create these various forms. Methods utilizing laser irradiation constitute a large portion of these techniques. The action of laser pulses upon graphite may result in the exfoliation of graphene layers. This paper presents the results of implementing method of laser-induced cleavage of graphite in liquid nitrogen using femtosecond laser radiation pulses. The process of obtaining graphene from the laser processing of graphite is accompanied by the formation of various types of low-dimensional carbon structures.
Introduction
Carbon is the basis for many of nanostructures and nanomaterials. Carbon nanotubes, fullerenes and graphene are the most well-known carbon nanostructures, however, this is not an exhaustive list of such materials. Graphene has attracted the attention of many scientists and industrial researchers due to its unique physical and chemical properties. However, the lack of a universal and inexpensive method for its synthesis hampers investigation of its properties and wide application of this promising material. Currently, numerous methods are available for the fabrication of graphene [1] . Among them are such basic techniques as micromechanical exfoliation of graphite, liquid phase exfoliation of graphite, graphite oxidation, chemical vapor deposition method, electric arc graphene production, thermal decomposition of silicon carbide, epitaxial growth of graphene on a metal surface and others. All these methods have their particular advantages and disadvantages. Therefore, research towards the development of methods for graphene fabrication has been extensively carried out.
The liquid phase exfoliation of graphite is a logical development of the classical method of micromechanical graphene fabrication [2] . The use of special chemical and technical conditions makes this method more efficient. Liquid surfactants weaken the bonds between the graphite layers. Ultrasonic treatment or centrifugation are then used to separate the graphene sheets. The development of the liquid-phase graphite exfoliation method has occurred with the aim of finding new solvents which may offer novel approaches for the separation of graphene sheets, which can provide increases in the synthetic yields and purity of the obtained graphene. We propose to use the liquid nitrogen and laser-induced exfoliation for these purposes.
The interaction of femtosecond laser radiation with materials is often accompanied by the formation of micro-and nanostructures on the irradiated surface [3] . The formation of nanorods or nanotips arrays in the case of structuring on the surface of carbon targets is a distinct sub-interest. Such structures have potential for use in field emission displays or for hydrogen storage [4] . We have registered the formation of arrays of nanorods on the stage preceding the separation of graphene. These results are also presented in this paper.
Methods
Laser-induced liquid-phase exfoliation of graphite has been realized using a femtosecond laser radiation pulse. During this exfoliation the aim is to heat only the surface layer of a graphite target with the minimum possible thickness required to separate the surface from the graphene sheet layers underneath. Lasers with the least possible pulse duration of radiation can provide such conditions. Currently, femtosecond-pulse lasers are best suited for this purpose. Two femtosecond laser systems have been used in experiments for the fabrication of graphene. They are ytterbium industrial setup TETA-10 and experimental Ti:sapphire femtosecond laser system.
The irradiation parameters of TETA-10 were as follows: laser radiation wavelength λ = 1029 nm, pulse with τ = 300 fs, energy per pulse ε = 0.15 mJ and pulse repetition frequency f = 10 kHz. This laser system was used in the first series of experiments. The reason for beginning this research with the TETA-10 laser system was because it is widely available for commercial industrial use. The energy characteristics of Ti:sapphire laser are larger and the radiation pulse is shorter than similar parameters for the ytterbium laser. These facts were the basis for theorizing about the possibility of increasing the speed of the graphene generation process when using such laser. Therefore, this latter system was used in the second series of experiments, which was performed to verify of the proposed hypothesis. The irradiation parameters for the Ti : sapphire laser system were as follows: laser radiation wavelength λ = 800 nm, pulse with τ = 50 fs, energy per pulse f = 1 mJ and pulse repetition frequency f = 1 kHz. The laser beam was focused on the target surface in a spot with a diameter of 100 µm in both series of experiments. The laser beam was moved along the target surface at a speed of 0.01 m/s to 1 m/s. Samples of the highly oriented pyrolytic graphite (HOPG) and glassy carbon were used as sources for obtaining the graphene. Laser processing of carbon targets was carried out in liquid nitrogen. The depth of a liquid nitrogen layer above the target surface was ∼ 10 mm. The liquid nitrogen molecules easily penetrate into spaces between graphite layers. Once in between the graphene layers, the cryogenic liquid then undergoes evaporation during laser exposure. The gas phase expands, thus separating sheets of graphene. Successful application of liquid nitrogen in the liquid phase exfoliation of graphite was displayed in [5] . The authors of this paper used a Q-switched Nd:YAG nanosecond laser system. The process for obtaining graphene material lasted 20 minutes. Using femtosecond laser radiation allowed us to significantly enhance the rate of grapheme fabrication while maintaining comparable characteristics.
Moreover, liquid nitrogen also serves another function; it provides the rapid cooling of the irradiated target surface and attenuates the results of laser irradiation. Thus, potentially destructive laser processing side-reactions are minimized. We have successfully applied this approach to study the interaction of femtosecond laser radiation pulses on metals [6] . This has also shown good results in experiments on the synthesis of graphene and low-dimensional carbon structures.
The structures formed under femtosecond laser irradiation in liquid nitrogen were investigated by analyzing the images obtained using a scanning electron microscope (SEM) Quanta 200 3D.
Experimental results
Multi-layer graphene was obtained in both series of experiments. Exposure to a single laser pulse did not exfoliate the graphene sheets. Doing so only modified or destroyed the target surface (depending on the laser radiation intensity). Exfoliation graphene takes place under the influence of four laser pulses. Examples of obtained graphene structures are shown in Fig. 1 . Exposure of fifth pulse femtosecond radiation leads to the destruction of obtained nanostructures. Irradiation with a required number of pulses has been provided by appropriate overlap of areas of laser action. The required overlap (75 %) corresponds to the velocity for the movement of the laser beam along the target surface 0.25 m/s at using of a ytterbium laser and 0.025 m/s in the case of treatment of graphite by of Ti : sapphire laser irradiation.
Graphene ribbons with a width up to 50 µm and a length of more than 150 µm and also an arbitrary shape graphene plates with a characteristic size up to 150 µm were registered after treatment of HOPG by ytterbium laser irradiation. The obtained graphene ribbons have folds but also have sufficiently extensive smooth surface portions (an area up to 2000 µm 2 ). The graphene material fabricated with the use of Ti : sapphire laser consisted mainly of structures with linear dimensions on the order of a few micrometers. Typically cleaved sheets have numerous folds, although the individual sheets were characterized by a smooth surface and small number of folds. Some registered graphene structures ranged in size from 10 to 30 µm. Analysis of the SEM images of end faces of obtained structures allowed us to estimate their transverse dimensions. Graphene sheets with a thickness of 10 nm were detected (Fig. 2) . It should be noted that traditional methods of micromechanical or liquid-phase exfoliation of graphite basically provides fabrication of a multilayer graphene sheets with a thickness of about 16 nm (according to [1] ).
Laser treatment of surface of a glassy carbon samples in liquid nitrogen resulted in the fabrication of graphene in the form of crumpled sheets with characteristic structural sizes ranging from 1 to 2 µm and sheet thickness of about 20 nm.
FIG. 2.
Measuring the thickness of graphene structures. SEM image corresponds to an area that is highlighted by black rectangle in Fig. 1b Carbon nanostructures in the form of vertical nanorods were formed on the surface of a graphite target when the number of pulses of laser radiation was less than that necessary for graphene sheet exfoliation. Areas with a random and regular arrangement of the nanorods are registered on the laser modified surface. In the latter case, nanorods are arranged in rows (Fig. 3) . Here, nanorods have a diameter of ∼ 100 nm, with a distance between rows (period of a total structure) of ∼ 100 nm. The distance between the rods in a row is ∼ 100 nm. The periodicity of the rows is 8 times smaller than the wavelength of the light used in the laser irradiation experiment. This ratio corresponds to the concept about the discrete changes in the periodicity of the regular structures of the relief, which is formed via the interaction of laser radiation with condensed media. This concept exists in the framework of the universal polariton model (see, for example, the review [7] ). Moreover, the spatial changes must be multiples of the main period, which is determined by the wavelength of incident radiation. Nanorods have a diameter of about 30 nm in regions with an irregular arrangement. The distance between the individual rods has a comparable value. Violation of the regularity of the registered nanorods is explained by some deviation from strict linearity, which is always present in the laser-induced periodic structures. For large-scale structures, these deviations are not critical, but their influence is noticeable with decreasing periodicity of the structures. Nevertheless, the tendency to form rows is visible, even in the system of irregular nanorods.
The produced nanorods have been characterized by means of nanolaboratory Ntegra Spectra (NT-MDT, Zelenograd, Russia). The Raman spectrum for these structures is shown in Fig. 4 . The spectrum was recorded under ambient conditions using a He-Ne (632.8 nm) laser source. The strong G-peak (1581 cm −1 ) corresponds to small crystals of graphite. This significantly exceeds the dispersive D-peak (1344 cm −1 ), which is dominant for glassy carbon under ambient conditions [8] . Thus, registered nanorods may be characterized as vertical graphite crystals with a small amount of lattice defects. The broadening of the Raman peaks is a consequence of the effect of the numerous edges in arrays of nanorods [9] . The weak 2D-band is shifted to 2700 cm −1 . This is typical for small-scale but the multilayer carbon structures [10] .
FIG. 4. Raman spectrum for array of nanorods

Conclusions
Experiments on the laser-induced liquid-phase exfoliation of graphite have demonstrated the possibility for effective application of femtosecond laser radiation pulses to produce graphene. The proposed approach not only allows short laser processing times, but also, in principle, the exclusion of a purification step for the obtained graphene, which is necessary for other methods which use additional chemical substances in their synthetic scheme. The geometric characteristics of the obtained graphene had similar parameters to that produced using currently-available experimental and commercial large scale syntheses. Also, the femtosecond laser processing of graphite in cryogenic liquids allows the formation of vertical carbon nanorod arrays on its surface.
